Pseudoachondroplasia (PSACH) is one of the more common skeletal dysplasias and results from mutations in cartilage oligomeric matrix protein (COMP). Most COMP mutations identified to date cluster in the TSP3 repeat region of COMP and the mutant protein is retained in the rough endoplasmic reticulum (rER) of chondrocytes and may result in increased cell death. In contrast, the pathomolecular mechanism of PSACH resulting from C-terminal domain COMP mutations remain largely unknown. This study describes the generation and analysis of a murine model of mild PSACH resulting from a p.Thr583Met mutation in the C-terminal globular domain (CTD) of COMP. Mutant animals are normal at birth, but grow slower than their wild-type littermates and by 9 weeks of age they have mild short-limb dwarfism. Furthermore, by 16 months of age mutant animals exhibit severe degeneration of articular cartilage, which is consistent with early onset osteoarthritis seen in PSACH patients. In the growth plates of mutant mice the chondrocyte columns are sparser and poorly organized. Mutant COMP is secreted into the extracellular matrix, but its localization is disrupted along with the distribution of several COMP-binding proteins. Although mutant COMP is not retained within the rER there is an unfolded protein/cell stress response and chondrocyte proliferation is significantly reduced, while apoptosis is both increased and spatially dysregulated. Overall, these data suggests a mutation in the CTD of COMP exerts a dominant-negative effect on both intra-and extracellular processes. This ultimately affects the morphology and proliferation of growth plate chondrocytes, eventually leading to chondrodysplasia and reduced long bone growth.
INTRODUCTION
Pseudoachondroplasia (PSACH) (OMIM #177170) is an autosomal dominant skeletal dysplasia characterized by a waddling gait, disproportionate short stature, generalized epimetaphyseal dysplasia and early-onset degenerative joint disease (1, 2) . The short-limb dwarfism becomes apparent during childhood and most affected individuals develop early-onset osteoarthritis during early adult life, which often requires bilateral hip replacement (2) . A mild form of PSACH has also been described in which affected individuals may present with only mild short stature (1) .
PSACH results exclusively from mutations in the gene encoding cartilage oligomeric matrix protein (COMP; OMIM Ã 600310) (3, 4) . COMP is a 550 kDa pentameric glycoprotein found in the extracellular matrix (ECM) of developing and mature cartilage, within and around the tendon (5), in ligament, synovium and the vitreous of the eye (6) . It belongs to the thrombospondin family of proteins (7) and consists of a coiled-coil oligomerization domain, four type 2 (EGF-like) domains, eight TSP type 3 (T3) sequence repeats and a large globular C-terminal globular domain (CTD) (8) .
The majority of the mutations resulting in PSACH (approximately 85%) cluster in the T3 repeat region of COMP (9) and the cell-matrix pathology of these mutations have been studied in detail. Electron microscopy of cartilage from patients with a T3 mutation consistently shows the retention of mutant COMP within the rough endoplasmic reticulum (rER) of chondrocytes and a general disruption to tissue architecture, including collagen fibril orientation and morphology (10) . Furthermore, the primary retention of mutant COMP is associated with the co-retention of other ECM proteins such as matrilin-3 and type IX collagen (11, 12) . Type II collagen is not co-retained in PSACH chondrocytes, suggesting a different secretory pathway for this molecule (12, 13) . The retention of protein within the rER results in the formation of large 'inclusion bodies', which may in some cases have a distinct lamellar appearance. Eventually, this protein retention is thought to cause rER stress and finally cell death, which ultimately results in an overall reduction in the number of viable cells in the affected tissue (14) . However, these studies have mainly used in vitro cell culture systems or articular and iliac crest cartilage samples obtained from surgery and therefore, the mechanistic link between a COMP mutation and disrupted endochondral bone growth has not been determined in vivo. In contrast, the pathomolecular mechanisms of PSACH resulting from CTD -COMP mutations (approximately 15%) remain largely unknown due to the difficulty in obtaining suitable pathological material from the affected patients. Recombinant COMP with mutations engineered into the CTD was shown to be secreted from different cell lines in vitro (15, 16) , however, the effect of these mutations on endochondral ossification and bone growth have never been studied in vivo.
Over 15 unique CTD -COMP mutations have now been identified, which can cause phenotypes ranging from mild multiple epiphyseal dysplasia (MED) type ribbing/osteoarthritis through severe PSACH (17) . The p.Thr585Met mutation (the equivalent of p.Thr583Met in the mouse) is a single nucleotide substitution in the C-terminal domain of COMP first reported by Briggs et al. in 1998 (18) . The family described in this study had a mild form of PSACH with typical radiographic features and waddling gait, but normal or only mild short stature (18) . Interestingly, the p.Thr585Met mutation is located in a potential collagen binding site (17, 19) ; it is spatially associated with a cluster of other CTD mutations (most notably p.E583K, p.S681C, p.H587R) (17) and lies 21 amino acids away from a potential integrin-binding sequence. Furthermore, recent crystallography studies of full-length thrombospondin 2 (20) and a C-terminal fragment of thrombospondin 1 (21) (containing the CTD and four T3 repeats) have highlighted the interdependency between these two domains in the overall structure of TSP monomers and oligomers. It is now clear that there are intramolecular interactions between the CTD and T3 domains of individual thrombospondin monomers, in addition to the intermolecular interactions with other ECM components and cells. Mutations in the CTD of COMP are therefore likely to have a profound effect on the structure and function of the protein.
In this paper we describe the generation and comprehensive analysis of the first knock-in mouse model of a CTD -COMP mutation (p.Thr583Met). This is the first model of PSACH to be reported in which the murine phenotype closely resembles the human disease. Furthermore, we have determined that the disease results from a combination of both intra-and extracellular mechanisms that have a profound effect on chondrocyte proliferation and apoptosis within the cartilage growth plate.
RESULTS

Generation of the p.Thr583Met COMP knock-in line
Mice harbouring the equivalent of the human p.Thr585Met mutation in the C-terminal domain of COMP were generated by homologous recombination in R1 embryonic stem (ES) cells using an appropriate targeting strategy (Fig. 1A -D) . The 'long arm' of the targeting construct (8 kb) contained exons 1 -16 of comp and the 'short arm' of the construct (2 kb) contained exons 17 -19 of comp (Fig. 1B) . The required nucleotide substitutions to produce the murine p.Thr583Met COMP mutation (equivalent to human p.Thr585Met) were introduced into exon 16 by site-directed mutagenesis (ACA ! ATG). Three hundred and sixty ES cell clones that had been electroporated with the targeting construct and selected by antibiotic resistance were analysed for homologous recombination using Southern blotting with the external probe ( Fig. 1C and E) . The presence of the mutation was confirmed by direct sequencing of DNA from nine ES clones that had successfully undergone homologous recombination (Fig. 1F) . Positive clones resulting from the targeting procedure were microinjected into C57BL/6 blastocysts and then implanted into pseudopregnant foster mothers. The resultant chimeric mice were used for the foundation of a transgenic line and a breeding strategy was used to obtain wild-type mice and littermates that were either heterozygous or homozygous for the mutation.
In order to establish the expression levels of the wild-type and mutant comp alleles, quantitative real-time PCR (qRT-PCR) was performed on the mRNA extracted from chondrocytes of 3-week-old growth plate cartilage. The expression levels of comp mRNA from the wild-type and/or mutant alleles was comparable in wild-type, heterozygous and homozygous mice (Fig. 1G ). This was confirmed by western blot analysis of protein extracts from the same cartilage (Fig. 1H ).
Mutant mice are normal at birth
Breeding pairs of mice heterozygous for the p.Thr583Met COMP mutation produced pups in a normal Mendelian distribution of 1:2:1 (þ/þ:m/þ:m/m) and no overt skeletal defects were seen at birth (Fig. 2A ). These observations were as expected since PSACH patients have normal stature at birth. Furthermore, there were no differences in the lengths and organization of the skeletal elements between wild-type, heterozygous and homozygous littermates ( Fig. 2A ) while bone mineralization, as assessed by von Kossa staining, was not altered in the mutant mice ( Fig. 2B ). At birth, histological analysis of tibial growth plates revealed no gross morphological differences when visualized by H&E staining. The columnar organization of the cells in the growth plate and the demarcation of individual zones were unaffected in animals heterozygous or homozygous for the mutation (Fig. 2C) . Immunohistochemistry (IHC) was used to determine the localization of wild-type and mutant COMP in the new born growth plates. At this age COMP had a predominantly pericellular localization and this was comparable in the growth plates of mice of all three genotypes (Fig. 2D ).
Mutant animals develop short limb dwarfism by 9 weeks of age
In order to quantify any changes in growth that may have been caused by the mutation littermates of all three genotypes (i.e. þ/þ; m/þ; m/m) were weighed at 3, 6 and 9 weeks of age and these measurements were used to prepare growth curves ( Fig. 3A ; !15 mice per sex per genotype per time point). At 3 weeks of age the body weights of all the mice were comparable, but by 6 weeks of age the body weights were different according to the genotype and sex of the animal. Mice were weighed at 3, 6 and 9 weeks of age and the weights used to construct the growth curves. Mice of both sexes and of all genotypes had comparable weights early in development but by 9 weeks of age mutant animals were significantly lighter with a .6% decrease in male body weight and .7% decrease in female body weight for mice homozygous for the mutation (n ! 15; one-way ANOVA). (B) Bone measurements of male littermates with inner canthal distance (ICD) used as a marker of intramembranous ossification and the tibia length as a marker of endochondral ossification. The difference in tibia length between the WT males and males homozygous for the mutation was .4% at 9 weeks of age and the difference between WT males and males heterozygous for the mutation was .2% (n ! 10; one-way ANOVA). Key: þ/þ (WT); m/þ (mice heterozygous for the mutation); m/m (mice homozygous for the mutation); Ã P . 0.05; ÃÃ P . 0.01.
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By 9 weeks of age, when long bone growth had ceased, the differences in weight were statistically significant and males homozygous for the mutation were 6% lighter than their wild-type littermates. A similar difference was noted for female mice. Bone length measurements were performed on whole mouse radiographs taken at 3, 6 and 9 weeks of age to determine the effect of the mutation on endochondral and intramembranous ossification ( Fig. 3B ; !10 mice per sex per genotype per time point). The inner-canthal distance (ICD) was used as a measure of intramembranous ossification and these measurements were comparable in mice of all three genotypes. However, long bone growth was significantly affected and by 9 weeks of age the tibia of male mice homozygous for the mutation were 4% shorter than those of their wild-type littermates. An intermediate phenotype was observed in males heterozygous for the mutation, which was characterized by a 2% decrease in tibia length when compared with wild-type littermates. In addition to reduced long bone length, mice that were homozygous for the p.Thr583Met COMP mutation also exhibited a mild, but significant, hip dysplasia that was characterized by the tuberosity of the ischium protruding from the pelvic region at an angle of .158 ( Fig. 4A and B). Mice that were heterozygous for the mutation exhibited a milder form of pelvic deformation.
Mutant mice develop degenerative joint disease in adulthood
Mice homozygous for the p.Thr583Met mutation developed degenerative joint disease by 16 months of age, which was characterized by a loss of Safranin O staining at the articular surface of the knee (Fig. 4C , bottom panel; .15 sections per genotype from two mice per genotype). In contrast, wildtype mice showed uniform Safranin O staining at the articular surfaces of the knee joints indicating the presence of sulphated proteoglycans. The specific loss of cartilage from the articular surface was verified by H&E staining (Fig. 4C , top panel).
Growth plate organization is disrupted in mutant mice
Histological (H&E) analysis was performed in order to determine the morphological changes that had occurred in the growth plates of mutant mice (Fig. 5A ). Wild-type mice had well organized growth plates with clearly distinguishable resting, proliferative and hypertrophic zones. In particular, the chondrocytes in the proliferative zones were aligned into well organized columns evenly distributed along the horizontal axis of the growth plate. However, chondrocyte alignment in the proliferative zone of mice homozygous for the p.Thr583Met mutation was disrupted from 2 weeks of age. For example, chondrocyte columns were reduced in number and in some cases they terminated prematurely with a corresponding increase in the amount of space between individual columns. At 3 weeks of age the growth plates of mice homozygous for the p.Thr583Met mutation exhibited a significantly enlarged proliferative zone of !15% ( Fig. 5A ; 10 sections per mouse, three mice per genotype; independent samples t-test), which was possibly the result of chondrocyte misalignment ( Fig. 5B ). In contrast, the morphology of the hypertrophic zone did not appear to be affected in littermates that were either heterozygous or homozygous for p.Thr583Met.
The alignment of proliferating chondrocytes is significantly affected in the mutant growth plate
The ultrastructure of 1 week old tibial growth plates was studied by transmission electron microscopy (TEM). In the growth plates of wild-type mice the resting chondrocytes were evenly distributed in the ECM, while the proliferating chondrocytes had a more flattened appearance and were found in the characteristic 2-, 4-and 8-cell chondron arrangement (Fig. 5B ). In the prehypertrophic zone of the wild-type growth plate, the cells were larger and assumed a more rounded appearance, whereas in the late hypertrophic zone rounded lacunae were seen which contained the remnants of cellular material (data not shown). In contrast, chondrocytes in the proliferative zone of the growth plates of mice homozygous for p.Thr583Met were severely disorganized; they had a heterogeneous and irregular shape and did not align properly within the chondrons ( Fig. 5B ), which is most likely the cause of the enlarged proliferative zone seen in the mutant mice. The morphology of the growth plate in mice heterozygous for p.Thr583Met did not show any gross differences when compared with the wild-type.
The localization of key structural proteins in the growth plate cartilage is altered in mutant mice
Wild-type COMP has a predominantly pericellular localization at birth, but by 2-3-weeks of age it is also found in the interterritorial matrix of the growth plate (22) . In contrast, the distribution of mutant COMP in the ECM was significantly altered in the growth plate of mice homozygous for p.Thr583Met (Fig. 6 ). For example, by 3 weeks of age mutant COMP was detected in greater abundance in the territorial and pericellular ECM of the growth plates of mice homozygous for p.Thr583Met, which was noticeably different from the uniform interterritorial distribution observed in the ECM of wild-type mice (Fig. 6 ). This change in the localization of mutant COMP became more pronounced by 6 and then 9 weeks of age. The localization of those proteins known to interact with COMP in vitro was also determined by IHC (Fig. 7) . In the growth plates of wild-type mice, matrilin-3 was uniformly distributed in the interterritorial ECM. However, in the growth plate cartilage of littermates homozygous for p.Thr583Met, matrilin-3 appeared to have a more pronounced territorial and pericellular location. This had the effect of creating distinct spaces between the chondrocyte columns in which there was very weak or no immunostaining. A similar staining pattern was seen for type IX collagen, which was particularly evident in the late proliferative zone. Interestingly, the distribution of type II collagen, the major collagen found in the cartilage ECM, was not affected by the p.Thr583Met COMP mutation. The ultrastructure of the cartilage extra cellular matrix is altered in growth plates of mutant mice
The ultrastructure of the interterritorial matrix in the proliferative zone was examined by TEM at 1 week of age (Fig. 8) . The appearance of the cartilage ECM was altered in mice that were either heterozygous or homozygous for the p.Thr583Met mutation and resulted in a distinct morphological spectrum depending on the genotype. For example the interterritorial matrix from mice heterozygous for the mutation appeared to contain less proteoglycan-like amorphous material than the equivalent region of their wild-type littermates. This had the effect of making the collagen fibrils more prominent in the mutant samples when compared with wild-type. Figure 5 . Organization of the growth plate in mutant mice is disrupted by 3 weeks of age. (A) H&E staining showed disruption to the growth plate by 3 weeks of age in mice carrying the comp mutation. This disruption was characterized by disorganized and sparse columns of chondrocytes in the proliferating zone. Note the enlarged proliferating zone in the 3 week mutant growth, possibly due to chondrocyte misalignment (n ! 8 sections per genotype; independent samples t-test; Ã P , 0.05). The black line marks the boundary between the hypertrophic zone and proliferative zone in the growth plate. Scale bar 100 mm. (B) TEM of the proliferating zone in the tibial growth plates at 1 week shows misaligned and abnormally shaped chondrocytes in mice homozygous for p.Thr583Met. Scale bar 23 mm. Key: þ/þ (wild-type); m/þ (heterozygous for the mutation); m/m (homozygous for the mutation).
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The interterritorial matrix of the mice homozygous for the mutation appeared to contain even more abundant and better defined fibrillar material.
Chondrocytes from mutant mice exhibit a mild rough endoplasmic reticulum stress IHC studies indicated that a significant proportion of the mutant COMP was secreted into the ECM. Nevertheless, the secretion of this mutant protein does not rule out the possibility that the mutant COMP protein elicits an unfolded protein and/or cell stress response during its passage through the cell's ER/secretory system. We therefore used a combination of qRT-PCR and densitometric Western blot analysis to study the classical markers of UPR (such as BiP and calreticulin) and the key regulators of rER/cell stress (23) . At 3 weeks of age, qRT-PCR revealed an approximately 2.8-fold increase in BiP expression and approximately 2.2-fold increase in calreticulin expression in growth plate chondrocytes from mice that were homozygous for p.Thr583Met (Fig. 9A) . We also examined the downstream mediators of the classical UPR/cell stress response, which included the phosphorylation of eukaryotic initiation factor 2a kinase (eIF2a), the cleavage of ER membrane-anchored transcription factor ATF6, the increased expression of CCAAT/enhancer-binding proteinhomologous protein (CHOP), cleavage of the proapoptotic factor caspase-12 and the downregulation of the antiapoptotic factor Bcl-2 (23) . Densitometric analysis of western blots detected an approximately 1.7-fold increase in cellular levels of the phosphorylated form of eIF2a (eIF2aP) in mutant chondrocytes and increased cleavage of ATF6 (approximately 2.2-fold). This was accompanied by approximately 2.5-fold increase in caspase-12 cleavage and a significant decrease in Bcl-2 expression (Fig. 9B) . Furthermore, there was a modest, but statistically significant, 1.6-fold increase in CHOP expression detected by qRT-PCR (Fig. 9A) . Interestingly, an upregulation of chaperone proteins was no longer detected at 6-weeks of age (data not shown), suggesting that the UPR might be a transient response to the expression of maximal levels of mutant COMP during peak levels of bone growth.
Chondrocyte proliferation is markedly decreased and apoptosis is increased and spatially dysregulated in mutant growth plates
In order to determine the physiological effect of the mild rER/cell stress on chondrocyte differentiation and viability. Figure 6 . The localization of mutant COMP in the cartilage ECM is disrupted. Immunohistochemistry (IHC) using a COMP antibody revealed increasingly less interterritorial staining in the extracellular matrix (ECM) between the proliferating columns, which was visible from 3 weeks of age in the growth plates of mice carrying the p.Thr583Met COMP mutation (asterisks). Scale bar 100 mm. Key: þ/þ (wild-type); m/þ (heterozygous for the mutation); m/m (homozygous for the mutation).
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Human . The localization of matrilin-3 and type IX collagen, but not type II collagen, is disrupted in the growth plates of mutant mice. Representative immunohistochemistry at 6 weeks of age. Immunohistochemical analysis using a COMP antibody revealed less interterritorial staining in the ECM between the proliferating columns which was visible from 3 weeks in the growth plates of mice carrying the p.Thr583Met mutation (circled areas). Matrilin-3 follows the localization of mutant COMP in the growth plate and type IX collagen localization appears to be distinctly altered in the middle of the proliferating zone of the mutant growth plates. Type II collagen localization remains unaltered. Scale bar 100 mm. Key: þ/þ (wild-type); m/þ (heterozygous for the mutation); m/m (homozygous for the mutation).
Human
we determined the relative levels of chondrocyte proliferation (by BrdU labelling), while terminal apoptosis (i.e. fragmentation of genomic DNA) was studied with a fluorescent TUNEL assay.
Overall, there was a 24% reduction in the relative number of BrdU-labelled chondrocytes in the proliferative zone of mice homozygous for p.Thr583Met when compared with their wildtype littermates. Mice heterozygous for p.Thr583Met showed a 12% reduction in BrdU labelling ( Fig. 10A ; n . 20 sections from three mice per genotype; independent samples t-test).
TUNEL-positive staining was detected predominantly at the vascular invasion front and late hypertrophic zone in the growth plates of wild-type mice; approximately 0.8% of all cells in these zones were TUNEL positive, which was within normal limits ( Fig. 10B and C ; typically one to two TUNEL-positive cells from 150 DAPI-stained cells per section, n ¼ 18 sections from three mice per genotype). In the growth plates from mice heterozygous and homozygous for the mutation, the apoptosis in this region was increased 1.8-fold (to 1.64%) and 3.3-fold (to 2.98%), respectively. Apoptosis in the proliferative zone was barely detectable in the wild-type growth plates; approximately 0.0081% ( Fig. 10B and C ; on average 0.1 TUNEL-positive cell from 1420 DAPI-stained cells per section, n ¼ 18 sections from three mice per genotype). However, in mice either heterozygous or homozygous for p.Thr583Met, the number of TUNEL-positive cells was increased in the proliferative zone of the growth plate ( Fig. 10B and C) . In particular, there was a 12-fold increase in apoptosis in the proliferative zone in the homozygous mice (to 0.0997% or 1.47 cells per section) and a 9.8-fold increase in the same zone in heterozygous mice (to 0.0799% or 1.18 TUNEL-positive cells per section) ( Fig. 10C ; n ¼ 18 sections from three mice per genotype, independent samples t-test). Furthermore, there was a 2.5-fold increase in apoptosis in the resting zone in the homozygous mice [from 0.6 positive cells of 190 cells in the wildtype (0.26%) to 1.125 cells (0.65%) TUNEL-positive cells] ( Fig. 10C ; n ¼ 18 sections from three mice per genotype, independent samples t-test). Overall, these data confirmed that apoptosis was both increased and spatially dysregulated in the mutant growth plates.
DISCUSSION
We have generated a murine model of PSACH resulting from a p.Thr583Met mutation in the C-terminal domain of COMP for the purpose of elucidating the disease mechanism since Figure 8 . ECM ultrastructure is altered in the mutant growth plates. The ultrastructure of the interterritorial matrix at 1 week of age is altered in mutant animals and is characterized by more prominent appearing collagen fibrillar material in the growth plate ECM. Scale bar 800 nm. Highlighted area is magnified five times in the bottom panel. Key: þ/þ (wild-type); m/þ (heterozygous for the mutation); m/m (homozygous for the mutation).
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Human Molecular Genetics, 2007, Vol. 16, No. 17 ethical and scientific reasons prevent a similar analysis in children. The equivalent human mutation has been shown to cause either MED or mild PSACH (18, 24, 25) . PSACH -MED patients are normal at birth but during childhood they can exhibit increasing disproportionate short stature while the head and face remain normal (9) . Morphometric analysis of mice carrying the p.Thr583Met mutation revealed a similar progression of the disease. Mice that were either heterozygous or homozygous for the mutation were normal at birth with correctly proportioned skeletal elements and normal bone mineralization. However, with increasing age mutant mice were lighter than their wild-type littermates and developed mild shortlimbed dwarfism as a result of disturbed endochondral ossification. Although the mutant mice showed only a 4% reduction in bone length, this is consistent with the equivalent human phenotype (i.e. that which is caused specifically by the p.Thr585Met mutation) in which the height of affected adult males ranged from 155 to 180 cm (,5th to 75th percentile) (18) . Essentially, a 4% reduction in human adult height corresponds to a drop from the 50th to 15th percentile and this reduction is consistent with the final heights of affected males reported for this family (18) . With increasing age mutant mice developed a hip dysplasia and also degenerative joint disease, which is reminiscent of the osteoarthritis suffered by PSACH -MED patients. In summary this is the first murine model to accurately reproduce the clinical features of mild PSACH -MED resulting from a Cterminal COMP mutation. The subsequent study of the cartilage growth plate of mutant mice allowed us to gain an insight into the morphological changes and pathomolecular mechanisms that were induced by the mutation. Mutant mice exhibited a disordered growth plate morphology (i.e. dysplasia), which was characterized by a disruption to the spatial arrangement of proliferating chondrocytes within individual chondrons, and the subsequent misalignment of chondrons within their columns. Furthermore, columns of proliferating cells were sparser and unevenly distributed along the horizontal axis of the growth plates. Interestingly, growth plates from the xiphoid processes of mutant mice also showed a disrupted morphology (not shown). This suggests that although comp expression is induced by weight-bearing mutant (26) , comp is still expressed at high enough levels in non-weight bearing tissues to induce growth plate dysplasia.
Ultrastructural analysis of growth plate cartilage revealed rounded and severely misshapen chondrocytes within the proliferative zone of mice homozygous for the mutation. These misshapen chondrocytes did not appear to be oriented correctly and were spatially misaligned within individual chondrons when compared with the tightly organized flattened Figure 10 . Proliferation is decreased and apoptosis is both increased and spatially dysregulated in 3 weeks old tibia of mutant mice. (A) Chondrocyte proliferation assayed by 2 h BrdU labelling appeared to be markedly reduced in growth plates of mice heterozygous (by 12%) and homozygous (by 24%) for the mutation (n ! 20; independent samples t-test). (B) Apoptotic cells were detected in the proliferative zone of growth plates of mice carrying the p.Thr583Met COMP mutation but not in their wild-type littermates (white circles). The white line marks the boundary between the hypertrophic zone and proliferative zone in the growth plate. DAPI staining was used as a nuclear counterstain. (C) Quantification of the TUNEL assay results showed a significant increase in apoptosis in the hypertrophic (1.8-fold and 3.3-fold, respectively) and proliferative zones (9.8-fold and 12.2-fold, respectively) of growth plates from mice heterozygous and homozygous for the mutation and a 2.5-fold increase in the apoptosis in the resting zone of the growth plates from homozygous mice (n ¼ 18; independent samples t-test). Key: þ/þ (wild-type); m/þ (heterozygous for the mutation); m/m (homozygous for the mutation); ÃÃ P , 0.01; Ã P , 0.05. (27) and in the a 10 integrin-null mice (28) leading to the hypothesis that it is integrin binding and the subsequent signalling events that are responsible for the alignment of newly divided chondrocytes within the proliferative zone of the growth plate (27) . It is interesting to speculate that in the growth plates of p.Thr583Met COMP-mutant mice the misalignment of chondrocytes could in part be due to a disruption to integrin binding, which might normally be mediated by the C-terminal domain of COMP (29 -31) . Alternatively, integrin signalling and/or chondrocyte alignment could be affected by dominantnegative changes in the structure of the cartilage ECM caused by the presence of abnormal COMP. It is possible that the p.Thr583Met substitution could disrupt the COMP T3-CTD protein structure and thus affect its function. The CTD has been shown to bind to type II and type IX collagen in vitro, while a potential integrin binding site (SFYVVMWK) is located only 21 amino acids from the site of the mutation (29, 31) . We therefore considered the possibility that the presence of mutant COMP in the ECM was exerting a dominantnegative effect on ECM composition and structure and thus contributing to the growth plate dysplasia. COMP has been reported to bind to type II collagen molecules and catalyse collagen fibrillogenesis in vitro (32) . It also interacts with various matrix bridging and modulating proteins such as matrilin-3 (33), type IX collagen (19) and fibronectin (30) . Interestingly, mutations in the genes encoding matrilin-3 and type IX collagen are also implicated in the aetiology of autosomal dominant MED (9) . These proteins can be co-retained with COMP harbouring T3 mutations (34), thus providing some functional rationale for the non-allelic genetic heterogeneity of MED. During embryonic bone development COMP has a pericellular and territorial localization in the ECM of the cartilage growth plate, which is followed by an interterritorial localization later in development (22) . IHC analysis of growth plate cartilage from newborn wild-type mice showed a typical pericellular and territorial localization of COMP. This was followed at 2 weeks of age by an interterritorial localization, which remained until adulthood. In contrast, COMP harbouring the p.Thr583Met mutation remained predominantly pericellular and territorial throughout bone growth. Furthermore, the localization of type IX collagen and matrilin-3 appeared to follow the abnormal localization of mutant COMP in the ECM and resulted in a 'washed-out' appearance, suggesting that the abnormal localization of mutant COMP was exerting a dominant-negative effect on the localization of its interacting partners. The ultrastructure of the cartilage ECM was also disrupted in mutant mice when viewed by TEM. Increased fibrillar material was observed in the territorial and interterritorial ECM of the proliferative and hypertrophic zones of mutant mice when compared with their wild-type littermates. This change may be resulting from the mislocalization of COMP and the resulting changes in the ECM making the collagen fibrils more prominent and/or the effect of a C-terminal COMP mutation on collagen fibrillogenesis (32) and other macromolecular assemblies. The presence of irregular and thicker collagen fibrils in the interterritorial ECM of the proliferative zone of mutant growth plates could be explained by the mislocalization of type IX collagen and/or matrilin-3 in the ECM (35, 36) . It is also feasible that the altered composition and structure of the territorial ECM might affect the organization and alignment of chondrocytes within the chondrons.
We did not detect by IHC the intracellular retention of mutant COMP in chondrocytes from the growth plates of mutant mice. This is in contrast to COMP-T3 mutations in which the retention of mutant COMP has been consistently demonstrated in patient cartilage samples (11, 12, 14) . This observation therefore suggests that the p.Thr585Met COMP -CTD mutation does not cause a significant protein trafficking defect. Indeed, these in vivo observations are consistent with studies using transfected cells in which mutant COMP harbouring CTD mutations is efficiently secreted (15, 16) . Interestingly, although the retention of p.Thr585Met COMP was not detected by IHC an unfolded protein response was detected in chondrocytes at 3 weeks of age. This was characterized initially by the increased expression of several chaperone proteins such as BiP and calreticulin. This in turn resulted in the subsequent activation of downstream mediators of rER/cell stress, such as eIF2a, ATF6 and caspase-12, which then normalized by 6 weeks of age suggesting a transient response to the maximal expression of mutant COMP. Interestingly, BiP, calreticulin and ERp72 have been found within abnormally dilated ER cisternae associated with COMP TSP-3 mutations and could indicate a common response to the expression of mutant COMP. However, while CTD mutations may only delay the secretion of COMP, the TSP-3 mutants perhaps prevent its secretion to a greater extent suggesting that they have a more detrimental effect on the structure of COMP.
In the growth plates of mutant mice the columns of proliferating chondrocytes appeared sparser with distinct areas of hypocellularity. BrdU-labelling experiments were performed at 3 weeks of age to determine the effect of the p.Thr583Met COMP mutation on chondrocyte proliferation within the growth plate. Cell proliferation was significantly reduced in the mutant growth plates, which may be due to the mild rER/ cell stress response induced by the expression and trafficking of mutant COMP and/or the dominant-negative effect of mutant COMP present in the cartilage ECM.
A decrease in Bcl-2 expression was noted at 3 weeks of age in mutant chondrocytes, which was accompanied by increased and spatially dysregulated apoptosis. Bcl-2 is a mitochondrial membrane bound anti-apoptotic protein which is also found on ER membranes and has been implicated in general and ER stress-mediated apoptosis (37) . Blc-2 has been shown to be localized mainly in the proliferative zone of the murine growth plates at 3 weeks of age, with a decrease in expression towards the hypertrophic region of the growth plate (38) . Bcl-2 knock-out mice exhibit a mild short limb dwarfism and increased osteoblast numbers at a later age (39) . It is therefore tempting to speculate that the downregulation of Bcl-2 is responsible in part for the increased and spatially dysregulated apoptosis observed in the growth plates of mutant mice. The downregulation of Bcl-2 may be the result of CHOP-mediated cell stress resulting from either the processing of misfolded COMP protein or compositional and structural changes in the cartilage ECM induced by the (40) . These data suggest that reduced chondrocyte proliferation, which could be caused by a disruption to integrin signalling and/or a cell stress response to mutant protein trafficking and its dominant-negative effect in the ECM, may be a common feature of chondrodysplasias. In summary, the mouse model presented in this paper is the first in vivo model of chondrodysplasia resulting from a mutation in COMP. The murine chondrodysplasia phenotype resembles that of mild PSACH -MED; the equivalent human disease. More importantly, our data suggests that the disease arises through a combination of both intracellular and extracellular mechanisms; however, the precise molecular pathways that lead to reduced chondrocyte proliferation and increased dysregulated apoptosis remain to be fully determined.
MATERIALS AND METHODS
Generation of p.Thr583Met COMP knock-in mice
Gene targeting was performed as described by Talts et al. (41) . Briefly, a female 129S6/SvEvTac mouse spleen genomic DNA library (RPCI) was screened for a clone containing the whole of the comp gene. A loxP-flanked Neo cassette was cloned into pBluescript (pBS Neo) using an Eco RV site in the polylinker sequence. The long arm of the construct was generated by EcoRI digestion and subcloning of an 8 kb genomic fragment containing comp. The short arm of the construct (2 kb) was generated by subcloning of an EcoRI/SpeI comp positive fragment (6 kb). The p.Thr583Met change (ACA ! ATG) was introduced by site-directed mutagenesis of a 1.6 kb fragment generated by restriction digestion using a SpeI site in the pBluescript polylinker and a MluI site in the construct. Primers used for the introduction of the mutation were: forward (mutation): 3 0 -TTC GAG GGC ATG TTC CAT GTA C-5 0 , reverse (mutation): 5 0 -TAC ATG GAA CAT GCC CTC GAA-3 0 , forward: 3 0 -GGG TGA CGC GTG TCA GGG TGA-5 0 , reverse: 5 0 -AAC TAG TGG ATC CCC CGG GC-3 0 . The mutation was confirmed by direct sequencing. In the short arm of the construct, an EcoRI restriction site was modified into a ClaI site by ligation of a linker oligonucleotide (5 0 -GAATTATCGATAATTC-3 0 ). The pBluescript vector was modified by NotI digestion and Klenow blunting, thus generating a unique FseI site for construct linearization. R1 (129Sv) ES cells were grown on a layer of G418 resistant embryonic feeder cells in a medium supplemented with leukaemia inhibitory factor. The targeting vector (70 mg) was linearized with FseI and electroporated into 4 Â 10 7 R1 (129Sv) ES cells using a BioRad gene pulser (0.8 kV, 3 mF, 0.1 ms). Electroporated cells were propagated in selective medium with G418 (500 mg/ml) for 5-6 days and resistant clones were picked and screened for homologous recombination by HindIII digestion and Southern blot analysis with an external 1 kb probe. A probe directed against the Neo cassette was used to confirm single incorporation of the construct sequence in the genome. The presence of the mutation was confirmed by direct sequencing and the positive clones were grown from frozen stocks and microinjected into C57BL/6 blastocysts and implanted into foster mothers. The resulting chimeric animals were assessed on fur colour and mated with a deleter Cre line of transgenic mice to delete the loxP-flanked selection cassette. Heterozygous F1 offspring were then mated to generate the animals used in all of the described experiments. Cre recombination resulted in one loxP site remaining in the intronic sequence, allowing for genotyping procedure from tail tip genomic DNA using primers spanning intron 16 (Extract-N-Amp TM Tissue PCR Kit, Sigma-Aldrich Ltd).
Real-time PCR
RNA was extracted from the xiphoid process at 3 weeks of age using TriZOL solution (Ambion Inc.) following snap-freezing and tissue homogenization. The RNA was DNaseI (Ambion Inc.) treated and Superscript III TM reverse transcriptase with random hexamers (InVitrogen Ltd) was used to generate the cDNA. Real-time analysis of wild-type and mutant COMP expression was performed using SYBR w Green Kit on ABIPrism TM 7000 sequence detector system (Applied Biosystems Ltd). Each sample, including 'no template' controls, was run in duplicate and every loaded sample had an 18S control. Each experiment was repeated at least three times for statistical relevance and the results were analysed by independent samples t-test.
Western blotting
Xiphoid tissue at 3 weeks of age was homogenized, boiled in SDS loading buffer containing DTT and loaded on an SDS -PAGE gel. The gel was electroblotted onto a nitrocellulose membrane, which was blocked overnight with 2% skimmed milk powder in PBS-T. Primary antibodies [eIF2a, eIF2aP, caspase-12 (Cell Signalling Ltd), ATF6 (Imgenex Corp.), Bcl-2, actin (Abcam Plc.)] were diluted 1:500 in blocking solution and secondary antibodies (goat anti-rabbit 1:1000, goat anti-mouse 1:10 000, ThermoFisher Scientific Ltd) were diluted in PBS-T. An ECL detection kit (Perkin-Elmer Inc.) was used to develop the blots according to manufacturer's protocol.
Analysis of skeleton
New born pups were sacrificed, skinned, eviscerated and fixed in 95% ethanol for 3-5 days. The preparations were then stained with Alcian Blue (cartilage, 24 h), rinsed and fixed in 95% ethanol for 2 days. The remaining muscle tissue was cleared in 1% (w:v) KOH (for 6 h) and the skeletons were stained with Alizarin Red (bone, 3 h). The specimens were then further cleared in 2% (w:v) KOH for 48 h followed by decreasing concentrations of 2% KOH in glycerol (80:20, 60:40, 40:60 and 20:80; 24 h in each) and stored in 20:80 2% KOH:glycerol (42) .
Bone measurements were generated by measuring radiographic images at 3, 6 and 9 weeks of age. Angles between
2086
Human Molecular Genetics, 2007, Vol. 16, No. 17 the tuberosity of the ischium and the pelvic region were also measured at these ages. Mice were weighed at 3, 6 and 9 weeks of age and the weights were used to construct growth curves. All the measurements were analysed by one-way ANOVA for statistical significance.
Histology and immunohistochemistry
Dissected tissue samples were fixed in ice-cold 10% neutral buffered formalin solution (Sigma-Aldrich Ltd; for histology and TUNEL assay) or in ice-cold 95% ethanol 5% acetic acid solution (for IHC), decalcified in 20% EDTA pH 7.4, paraffin embedded and sectioned (6 mm sections). For H&E staining, the slides were dewaxed in xylene, rehydrated and H&E stained using a ThermoShandon Ltd automated stainer, dehydrated in increasing concentrations of ethanol and in xylene and mounted using a xylene-based mounting solution. Safranin O staining was performed by rehydrating the samples and staining in 0.02% (w/v) Fast Green (Sigma-Aldrich Ltd) followed by staining in 0.1% (w/v) Safranin O (Sigma-Aldrich Ltd). For IHC analysis, slides were dewaxed and rehydrated, endogenous peroxidase activity was quenched in H 2 O 2 /MetOH followed by antigen unmasking in 0.2% bovine testes hyaluronidase (SigmaAldrich Ltd) in PBS. Samples were blocked in goat serum and BSA in PBS for 1 h and immediately incubated with primary antibody in PBS/BSA for 1 h. The antibodies used were COMP, matrilin-3, type IX collagen, type II collagen (Calbiolchem Ltd) and Grp78 (BiP, Santa Cruz Biotechnology Inc.), calreticulin (Stressgen Bioreagents) and Erp72 (Santa Cruz Biotechnology Ltd). Slides were washed in PBS/BSA and incubated with biotinylated goat anti-rabbit IgG (Dako Cytomation Ltd) in PBS with goat serum for 1 h, followed by incubation with ABC/HRP reagent (Dako Cytomation Ltd) for 30 min and developed using DAB chromogen (Dako Cytomation Ltd), with methyl green as counter stain (Vector Labs Ltd). Vectamount TM (Vector Labs Ltd) xylene-free mounting medium was used. Apoptosis was analysed using Dead-End TM Fluorimetric TUNEL assay (Promega). In order to lower the background and the number of false positives the unmasking was performed using citrate buffer heat treatment instead of standard proteinase K unmasking (43, 44) . The slides were incubated in citrate buffer (pH 6.0) and treated for 15 min in a microwave oven (700, 300 and 150 W for 5 min each). Positive controls were generated by DNaseI (Ambion Inc.) treatment of the samples. The slides were mounted in Vectashield TM with DAPI (Vector Labs Ltd). The number of TUNEL-positive cells in the hypertrophic zone was expressed as a proportion of the total population of cells in the hypertrophic zone. Independent samples t-test was used for statistical analysis of TUNEL assay results.
BrdU labelling
Mice were injected peritoneally with 0.1 ml of Cell Proliferation Labelling Reagent (Amersham) per 10 g of weight at 3 weeks of age and the proliferating cells were labelled for 2 h. Dissected tissues were fixed and analysed by IHC using anti-BrdU antibody (1:100; Abcam Plc.). Antigen unmasking was performed in 4 M HCl for 15 min, neutralized with 0.1 M borate buffer. The number of BrdU-labelled cells was expressed as a proportion of the total population of cells in the proliferative zone. Independent samples t-test was applied for statistical analysis of results.
Ultrastructural analysis
Tibia were dissected at 1 week and immediately fixed in 2.5% glutaraldehyde in 1 M sodium cacodylate buffer for 2 h at 48C. The tissues were washed three times in 0.1 M sodium cacodylate buffer and fixed in 2% OsO 4 in 0.1 M cacodylate buffer for 2 h. They were washed in distilled water and incubated for 2 h in 2% aqueous uranyl acetate at 48C. The tibia were washed in distilled water, dehydrated in increasing concentrations of acetone: 50, 70, 90 and 100% for 30 min, incubated in propylene oxide to improve resin penetration and 1:1 solution of resin:propylene oxide, and embedded in TAAB medium slow resin (TAAB Laboratories Equipment Ltd). Thin 70-80 nm sections were cut with a diamond knife on a Leica ultramicrotome and placed on electron microscope grids. Sections on the grids were stained with silver citrate solution and viewed in a FEI Tecnai 12 Twin transmission electron microscope operated at an accelerating voltage of 80 kV.
